Introduction {#sec1}
============

Surfaces coated with zwitterionic polysulfobetaine-based brushes are good against biofouling and find an increasing research interest for applications, for example, in the biomedical^[@ref1]−[@ref6]^ and maritime^[@ref7]−[@ref12]^ fields. The action mechanism for these materials is typically derived from the strong brush hydration and the formation of a tightly bonded and structured water layer along the polymer molecules.^[@ref13]−[@ref15]^ The most popular and studied example of this class of polymers is polysulfobetaine methacrylate (PSBMA). These brushes exhibit particularly high water uptakes and swelling responses, for instance, when compared with equivalent quaternized polyelectrolyte brushes.^[@ref16],[@ref17]^ Swelling factors greater than 1 have been measured at relative humidity values above 20%.^[@ref16]^ Both, PSBMA brushes' moisture uptake and wettability, are strongly governed by strong intermolecular and/or intramolecular dipolar interactions, which are linked to the high dipole moment of zwitterionic groups and the grafting density of the brush system.^[@ref18]^ The occurrence and type of these dipolar interactions are considered to be responsible for brush wettability, which has been reported to be thickness- and temperature-dependent.^[@ref19],[@ref20]^ The attractive electrostatic interactions, however, are screened in salt water due to the presence of free counterions in the solution.^[@ref21]^ Recently, Takahara et al. estimated the swollen thickness of PSBMA brushes on silicon surfaces as a function of salt concentration.^[@ref22]−[@ref25]^ They reported that PSBMA brush chains can form an extended conformation in salt water, while the chains shrink in pure water as a consequence of the strong attractive interaction between zwitterionic side groups.^[@ref23]^ Indeed, zwitterionic polymers in aqueous media are frequently described as antipolyelectrolytes since increasing the ionic strength of their solution promotes swelling of polymer chains instead of collapse.^[@ref26]^ However, not all zwitterionic brush systems show this effect. Kobayashi et al. investigated the response to changes in ionic strength of phosphorylcholine- and sulfobetaine-based methacrylic polymeric brush systems, PMPC and PSBMA, respectively, by varying NaCl concentration of aqueous solutions between 0 and 5 M NaCl.^[@ref22],[@ref23]^ It was found that the thickness of the PMPC brush film was not salt concentration-dependent while PSBMA was greatly affected. A full understanding of the differences in physical properties and their relationship to molecular structure necessitates the employment of new experimental approaches, for example, the use of atomic force microscopy-based approaches.

Elasticity of a polymer brush (characterized by the system's Young's modulus) is an important physical characteristic that affects a system's performance in applications such as cell adhesion,^[@ref27]^ brush biomembrane support and bending rigidity,^[@ref28],[@ref29]^ microfluidics,^[@ref30]^ and others. Atomic force microscopy (AFM) measurements have been used to determine the elastic properties of polymer brushes with thickness values up to hundreds of nanometers.^[@ref31]^ AFM-based colloidal probe force measurements have been applied with success to determine the values of the compression modulus of zwitterionic polymer brushes.^[@ref31],[@ref32]^ Modulus determination and compression experiments can also assist in characterizing the brush grafting density. Grafting density is a very important structural parameter of a polymer brush system. To estimate the grafting densities, some experimental methods were based on the assumption that chain length values of macromolecules grown in solution and from a substrate surface^[@ref33]^ obtained under identical environmental conditions are the same, although simulation studies have questioned the validity of this statement.^[@ref34]^ Hence, the precise determination of grafting density values remains a difficult task.^[@ref35]^ The Alexander--de Gennes model can be used as a first approximation to correlate the height of a brush in a solvent with the grafting density and the degree of polymerization.^[@ref32],[@ref36],[@ref37]^ The brush--brush interaction forces under compression measurements also provide insights into grafting densities.^[@ref32],[@ref38],[@ref39]^

Polymeric brushes are used to reduce attachment of barnacle cyprids,^[@ref5],[@ref40]−[@ref42]^ which are considered as one of the most notorious fouling organisms due to their relative large adult size (reached at the end of the metamorphosis cycle) and ability to colonize nearly any man-made structure. The cyprids explore the surfaces of solids immersed in sea water to select the most suitable places to settle and secrete temporary adhesive proteins, which are deposited as "footprints" through the antennular attachment discs to attach themselves at the preferred locations.^[@ref43]^ These proteins form temporary anchoring points for the migrating cyprids and can act as a settlement cue for other exploring cyprids. Although the morphology of footprint proteins has been explored using AFM,^[@ref44]^ the exact molecular and physiochemical nature of the footprint deposits remains largely unknown. It is worth noting that a settlement-inducing protein complex (SIPC), which also functions as a settlement cue, has been described.^[@ref45],[@ref46]^

Attachment strength is a key factor in the selection of the locations of attachment of barnacle cyprids during settlement, and one approach toward reducing the fouling impact of barnacles is to develop surfaces to which cyprid temporary and/or permanent adhesion is impossible.^[@ref47]^ A quantitative assessment of interactions of cyprid footprint proteins with surfaces was achieved by colloidal probe-based AFM force spectroscopy.^[@ref48],[@ref49]^ Briefly, the footprint proteins were covalently attached by chemical coupling to previously chemically activated colloids of AFM probes, and the adhesion strength of the proteins against the surfaces was measured. Recently, Shiomoto et al. immobilized live cyprids on AFM cantilevers, and the adhesion force of a cyprid's tentacles was determined by measuring the torsion of the cantilever when the tentacles were detached from glass surfaces coated with polymer brushes.^[@ref50]^

In our previous work, we reported on the active marine antifouling performance of three sulfobetaine-based systems.^[@ref11]^ Bearing the same sulfobetaine group (−NH~2~^+^--(CH~2~)~3~--SO~3~^--^), the systems were characterized by the differences in linkage groups between the zwitterion and brush backbone. Limited differences in the settlement of the barnacle cyprid between the studied systems were observed.^[@ref11]^ In this present work, by means of liquid AFM and complementary liquid ellipsometry measurements, the solvation of two of those sulfobetaine-based brush systems, namely, methacrylamide (PSBMAm) and vinylbenzene (PSBVB), was scrutinized in saline water. In addition, AFM-based force spectroscopy was implemented to estimate the grafting density of brush chains and compare the nanomechanical properties of the brush systems investigated. The results were then correlated with the brush swelling response affected by changes in ionic strength and temperature. Finally, aiming at associating brush hydration with their good marine antifouling performance, the adhesion force between cyprid footprint proteins and the brush-modified surfaces was investigated.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Copper(I) chloride (CuCl, 99.999%), copper(II) chloride (CuCl~2~, 99.999%), tris(2-pyridylmethyl)amine (TPMA, 98%), \[3-(methacryloylamino)propyl\]dimethyl-(3-sulfopropyl)-ammonium hydroxide inner salt (SBMAm, 96%), and sodium chloride (NaCl) were purchased from Sigma-Aldrich and were used without further purification. (*p*-Chloromethyl)phenyl-trichlorosilane) (CMPS, 95%) was purchased from Gelest, stored inside a nitrogen-filled glovebox, and used as received. SBVB was synthesized via quaternization of the tertiary amine precursor with sultone following reported protocol.^[@ref11]^ All other chemicals were of reagent grade and were used without further purification. Deionized (DI) water (Millipore, 18 MΩ·cm) and ultrapure nitrogen were used throughout. Silicon wafers with the thickness of 0.56 mm were purchased from Latech Scientific Supply Pte. Ltd. (Singapore).

Preparation of PSBMAm and PSBVB Brushes {#sec2.2}
---------------------------------------

The chemical structures of the SBMAm and SBVB monomers are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. Silicon wafers were exposed to the oxygen plasma for 5 min at 250 W using a microwave plasma chamber (Triple P, Duratek) in order to activate the surface. Subsequently, a CMPS ATRP initiator was deposited from the gas phase overnight and heated at 120 °C for 3 min in an oven.^[@ref8]^ The initiator-modified silicon wafers were stored in a nitrogen-filled glovebox. All polymerizations were conducted at room temperature. In a general procedure, a Schlenk flask containing SBMAm (34.2 g, 292 mmol) and NaCl (0.58 g, 1.0 mmol) was sealed with rubber septa and degassed by at least three vacuum nitrogen refill cycles. In a separate flask, CuCl (8.46 mg, 0.086 mmol) was degassed in a similar process. To the flask containing the monomer and salt, a degassed mixture of 14.3 mL of TPMA stock solution (8 μmol·mL^--1^ in DI water), 2 mL of CuCl~2~ stock solution (14 μmol·mL^--1^ in DI water), and 3.75 mL of DI water was added under nitrogen protection, and the mixture was stirred until all solids were dissolved. This solution was then transferred by cannula to the flask containing the CuCl to obtain a pale green homogeneous solution after stirring. For kinetic studies, 2 mL of the reaction mixture was syringed under nitrogen protection into nitrogen-filled glass vials containing an ATRP initiator-modified silicon substrate each. After the polymerization, the substrates were washed with 0.5 M NaCl solution and subsequently washed overnight in warm DI water and finally dried under a stream of nitrogen. Following a similar procedure, surface-initiated atom transfer radical polymerization (SI-ATRP) of SBVB was carried out at a \[SBVB\]:\[CuCl\]:\[CuCl~2~\]:\[TPMA\] molar feed ratio of 240:3:1:4 in 0.5 M NaCl solution at room temperature 15% w/v monomer concentration in solvent.

![(a) Chemical structure of the brush monomers and schematics of the colloidal probe against the brush-coated surfaces, showing the interaction of the colloidal probe with the polymer brushes in salt water. (b) Representative AFM force--distance approach curves of the colloidal probe from the PSBMAm-S polymer brushes in 0.7 M NaCl solution. (c, d) Log--log plots, with the corresponding fitting according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, of the experimental data for PSBMAm-S and for PSBVB-S, respectively.](la-2019-009183_0008){#fig1}

Measurement of Swollen Brush Thickness {#sec2.3}
--------------------------------------

A NanoWizard III instrument (JPK Instruments AG, Berlin, Germany) equipped with the NanoWizard head and controller was used in the AFM measurement. The thickness of polymer brushes represents a fundamental structural parameter of brush coatings and affects several properties of the polymer brushes such as the Young's modulus and hardness. In order to measure the thickness, the polymer brushes were gently scratched and locally removed off the substrate (silicon wafer) with a "blade" tip, and the brush thickness was then calculated from the cross-sectional analysis between the brush surface and the scratched areas.^[@ref35]^ The thickness of the polymer brushes in the dry state was first investigated by tapping-mode AFM under ambient conditions using standard silicon probes (*k* ≈ 40 N·m^--1^, Tap 300AL-G, budget sensors). The same regions were thereafter evaluated in Millipore water and NaCl solutions with progressively increasing ionic strength from 0.15, 0.5, 0.7, 1, to finally 5 M NaCl. To change the solvent environment, the corresponding solution was gently injected into and retracted from the AFM liquid cell (approximately 1 mL) using a different syringe, and a 15 min equilibration time was applied before the measurement. The brush thickness in the liquid was evaluated using the force imaging-based QI mode (Quantitative Imaging mode), which enables performing the measurement of polymer thickness at zero force, therefore minimizing compression of the polymer during measurement and reflecting the actual thickness in various ionic concentration stages. To minimize the compressibility effect, soft triangular-shaped silicon nitride cantilevers (Nano World, PNP-TR), with the spring constant in the range of 0.07--0.09 N·m^--1^, were employed. All thickness data were processed using the JPK data processing software (version 4.2).

Spectroscopic ellipsometry (SE) measurements were carried out on a variable-angle spectroscopic ellipsometer (VASE-32, J. A. Woollam Co., U.S.A.). Measurements of psi (Ψ) and delta (Δ) were performed as a function of photon energy with a step size of 0.1 eV in the range of 0.8--4.5 eV (corresponding to a wavelength range of 1550--276 nm) for the dry experiments and in the photon range of 1.1--4.5 eV (corresponding to a wavelength range of 1127--276 nm) for the liquid experiments. The optical properties and the thickness of the zwitterionic polymer layers in the dry state were determined by performing the measurements at three different angles of incidence (65°, 70°, and 75°) at room temperature and in air. Measurements in the aqueous environment were carried out using a custom-built liquid cell (approximately 150 mL) with a fixed angle of incidence of 63°, already used in our previous works,^[@ref51]−[@ref54]^ and the temperature was controlled by an externally heated bath. Before the measurement of each sample, a calibration measurement was performed to assess the effect of the liquid cell on the optical path of the polarized light on the silicon sample in the dry state at 63°. The salt concentration was varied by adding to the liquid cell 5 M NaCl solution. The analysis of the brush layers was performed on the basis of the Cauchy dispersion relationship. In the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00918/suppl_file/la9b00918_si_001.pdf), the application of the Cauchy model is described in detail. Dry and wet ellipsometry data were fitted in the wavelength range between 276 and 1250 nm and 300 and 900 nm, respectively. In liquid media, the best fitting results were obtained considering a uniform and homogenous wet Cauchy layer model. Experiments were repeated on three different positions on the samples.

Grafting Density Characterization Using Colloidal AFM-Based Force Spectroscopy {#sec2.4}
------------------------------------------------------------------------------

To estimate the grafting densities of the zwitterionic polymer systems, AFM-based force spectroscopy was employed, which has also been explored for other polymer systems^[@ref32],[@ref39],[@ref55]^ and is schematically shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The theoretical basis for all techniques to determine the force response of brushes has been provided by de Gennes.^[@ref38]^ Following the original de Gennes model, the resulting force between a spherical body and grafted polymer brushes, with separation distances smaller than the radius of the colloidal probe, can be described with the following equation ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"})^[@ref32],[@ref39],[@ref55]^where *d* is the surface separation distance, *F* is the force acting between surfaces, *R* is the radius of the probe, *L* is the thickness of the polymer brush, and Γ is the number of bound polymer chains per unit area (grafting density); *k*~B~ and *T* are the Boltzmann constant and temperature. To analyze the grafting density of the two polymer brushes, PSBMAm and PSBVB, their equivalent structures with short brushes, that is, PSBMAm-S and PSBVB-S were evaluated in a 0.7 M NaCl solution, while the polymer brushes are considered to be on the fully extended condition (see thickness data).

Elasticity Response (Apparent Young's Modulus) of Polymer Brushes by Colloidal AFM {#sec2.5}
----------------------------------------------------------------------------------

The elasticity described by the apparent Young's modulus (*E*~apparent~) of polymer brushes was measured using colloidal contact AFM probes (with a SiO~2~ sphere with a diameter of 5 μm, NT-MDT, Russia) conducted in a liquid environment. The apparent elastic modulus (*E*) of the polymer brushes were estimated from the nanoindentation curves as described elsewhere based on the Hertz model ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"})^[@ref31],[@ref32]^where *F* is the applied load, *R*~tip~ is the radius of the colloidal probe (2.50 ± 0.05 μm), *v* is the Poisson's ratio of the polymer films (assumed to be 0.5), *E* is the apparent Young's modulus of polymer films, and δ is the deformation of the polymer films. To compare the elastic behavior of the PSBMAm and PSBVB, the Young's modulus of PSBMAm-S and PSBVB-S was evaluated in the 0.7 M NaCl solution, with the polymer brushes in fully extended condition (see thickness data).

Measurement of the Adhesion Force between Cyprid Footprint Proteins and Polymer Brushes {#sec2.6}
---------------------------------------------------------------------------------------

The adhesion force of barnacle cyprid proteins were measured following our published reports.^[@ref47],[@ref48]^ In short, the colloidal AFM probes with a SiO~2~ sphere of 5 μm in diameter (NT-MDT, Russia) were modified with cyprid footprint proteins using glutaraldehyde. Before and after the experiments, the spring constant of the cantilevers was calibrated using the thermal noise method (0.07--0.1 N·m^--1^).^[@ref56]^ The modified probe was measured against the polymer brushes, and the adhesion forces were analyzed with the JPK data processing software (version 4.2). The force measurements were conducted in filtered sea water.

Barnacle Cyprid Culture {#sec2.7}
-----------------------

Barnacle cyprids of *Amphibalanus amphitrite* were cultured at the marine laboratory of the Tropical Marine Science Institute (TMSI), National University of Singapore. Two-day-old cyprids were used for the cyprid footprint protein adhesion analysis.

Results and Discussion {#sec3}
======================

Two series of sulfobetaine-based polymer brush thin films were prepared using only water as a solvent by SI-ATRP of the methacrylamide and the styrene-based monomers. By varying only the polymerization time, two different dry thicknesses, below 50 nm and above 100 nm, were fabricated for each brush system, named -S and -L, respectively. The measured thicknesses are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, where an indication of their wet thicknesses in DI water, 1 M NaCl solution, and filtered seawater are presented as swelling ratios, defined as the quotient between wet (*d*~wet~) and dry (*d*~dry~) brush thickness values. The selection of NaCl aqueous solutions as a model to study ionic strength-induced swelling of our brush systems is a relevant choice if correlations with observations in marine environment are pursued. Seawater has a high salinity content (∼600 mM) and features a mixture of several salts with sodium and chloride ions as the major constituents (approximately 85%). In order to determine swollen brush height values of our systems in the marine environment, measurements in 0.22 μm filtered seawater (FSW) were conducted.

###### Water Contact Angle (WCA), Dry Thickness, and Swelling Ratio of Sulfobetaine-Based Brushes in NaCl Aqueous Solution and Filtered Seawater (FSW) Determined by AFM

                            swelling ratio               
  ----------------- ------- ---------------- ----- ----- -----
  PSBMAm-S          14(2)   43               1.3   4.1   4.7
  PSBMAm-L          16(2)   120              1.8   5.3   3.5
  PSBVB-S           34(2)   34               1.3   2.4   1.9
  PSBVB-L           44(3)   115              1.0   2.2   1.7
  PSBMA^[@ref22]^   11      ∼30              2.3   5      

Grafting Density Characterization of the Polymer Systems {#sec3.1}
--------------------------------------------------------

Grafting density is another key parameter to characterize polymer brushes in combination with the length (distribution) of polymer chains. In a good solvent, macromolecules in densely grafted polymer brushes stretch from the surface and extend due to an interplay and balance of solvent osmotic (enthalpy) and polymer entropic (orientation) free energy contributions. The grafting density values, as mentioned, were estimated using compression AFM measurements in aqueous solutions, with the polymer brushes assumed to be fully extended.^[@ref32],[@ref39]^ As shown in the illustration of AFM force--distance curves registered to determine the grafting density, the representative force--distance approach curve from the PSBMAm-S polymer brush is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The corresponding *F*/(2π*R*) values (see [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) as a function of estimated distance are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c with fitting performed using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. The model assumes that the polymer brush is fully compressed; therefore, only the data with the applied forces above 5 nN was used. The grafting density was estimated by performing a least-mean-square (LMS) fit for the model profiles to the experimental data. For each experiment, at least 100 force curves at different positions were analyzed, and the average grafting density (Γ) for PSBMAm was determined to be 0.032 ± 0.004 chains·nm^--2^, which is considered the same within error as the grafting density of PSBVB, 0.039 ± 0.006 chains·nm^--2^.

Elasticity Characterization {#sec3.2}
---------------------------

The values of the apparent Young's modulus (*E*) of the polymer brushes in the 1 M NaCl solvent condition were estimated by the Hertz model using AFM.^[@ref31]^ Histograms (*N* = 50) of the distributions of *E* values with the same grafting densities under the same liquid conditions are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The arithmetic mean values of *E* of PSBMAm-S were estimated at 95 ± 11 KPa, and the *E* values of PSBVB were estimated at 349 ± 61 KPa. Thus, the average stiffness of PSBVB is more than three times stiffer compared to that of the PSBMAm brush.

![Statistical histograms of Young's modulus (*E*) of polymer brushes in the salt solution at 1 M NaCl solution. (a) *E* distribution of PSBMAm-S; (b) *E* distribution of PSBVB-S.](la-2019-009183_0007){#fig2}

Swelling Behavior of the Polymer Brushes {#sec3.3}
----------------------------------------

Several structural parameters can govern the swelling of brush systems. Grafting density and brush chain length are considered to play the major role on swelling and its magnitude.^[@ref57],[@ref58]^ As mentioned, the grafting density of the two systems studied here exhibited no significant difference. The swelling behavior of the PSBMAm and PSBVB brushes were studied by liquid AFM in the QI mode. The AFM cross-sectional profiles, as mentioned, provided the brush height values.^[@ref31],[@ref35]^ The ionic strength of the liquid media varied from DI water to saturated NaCl solution concentrations. In all assays, the first and last measurements were carried out in DI water. Only differences within the standard deviation of the measurements were observed between these initial and final repeated measurements. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, both polymers were responsive to changes in ionic strength, but methacrylamide-based brush systems stretched significantly more than their styrene-based analogues. Considering the systems characterized by shorter brushes, PSBMAm-S and PSBVB-S, the swelling ratios in the absence of free counterions, that is, in DI water, are very similar with a value of approximately 1.3. Similarly, the increase of NaCl concentration was followed by the increase of the swollen brush height, but the magnitude of the response was significantly different for the two systems. As an example, the swelling ratio of PSBMAm-S and PSBVB-S brushes in 1 M NaCl solution was 4.1 and 2.4, respectively, clearly indicating a significant effect of counterions on the wet thickness.

![Swelling response of PSBMAm and PSBVB brush systems of different dry thicknesses varying the ionic strength (NaCl concn) at 30 °C measured by AFM.](la-2019-009183_0001){#fig3}

Unavoidably, during liquid AFM measurements, the height of the measured polymer brushes may be affected by tip compression. To investigate the impact of this compression in the AFM measurements, complementary thickness data was obtained by in situ liquid spectroscopic ellipsometry (SE)^[@ref51],[@ref53]^ (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00918/suppl_file/la9b00918_si_001.pdf) for details on model selection and fitting procedure). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the normalized thickness, calculated as swelling ratios, determined by AFM and SE in liquid media with salt concentrations up to 1 M NaCl. The data does not allow us to obtain a clear assessment. In DI water, AFM seems to underestimate the swollen thickness, and ellipsometry measurements exhibit lower swelling ratios with increasing ionic strength when the brush systems become more swollen. In this respect, it is reasonable to hypothesize that as brush swelling increases, the outer region of the brush film might become more diluted and more compressible, and eventually the position of the outermost brush interface within the pure liquid may be virtually impossible to observe. In such cases, ellipsometry will underestimate brush film thickness values and would be less sensitive to changes in ionic strength. Despite these uncertainties, in any case, both measurements indicated the higher swelling of the PSBMAm system.

![Swelling ratio (as histograms) calculated from the swollen height of the brushes and normalized by the dry thickness of the dry brush height as measured by AFM or by spectroscopic ellipsometry measurements for PSBMAm-S and PSBVB-S brush systems at 30 °C as a function of NaCl concentration. Note: PSBVB-S was measured only by SE at 0, 0.15, and 1 M NaCl.](la-2019-009183_0003){#fig4}

The observed increase in wet thickness in both water and salt water does follow the observations of similar polyelectrolyte systems, which were found to not shrink at high salt concentrations as predicted by scaling laws. For instance, this antipolyelectrolyte phenomenon has been reported on PSBMA brushes with a similar dry thickness and slightly higher grafting density, ∼30 nm and 0.085 chains· nm^--2^, respectively.^[@ref22]^ Its swelling data is included in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} as a reference.

Following this comparison with the reported PSBMA brushes, a second series of brush systems characterized by longer brush length (PSBMAm-L and PSBVB-L) was studied to evaluate the effect of polymer chain length on the swelling response.^[@ref19]^ However, contrary to the behavior reported for PSBMA systems with long brushes (i.e., \>80 nm), which did not swell in DI water,^[@ref19]^ PSBMAm-L stretched in a comparable manner, even slightly more than the shorter brushes. This trend was also observed when increasing the ionic strength. PSBVB-L, similar to PSBVB-S, appeared to be less responsive to the wet environment than PSBMAm brush systems. Indeed, the increase in polymer chain length reduced even their responsiveness with smaller changes in thickness. In this regard, PSBVB-L in DI water showed the same irresponsiveness, as reported for PSBMA systems of long brushes. Increasing the ionic strength was however followed by an increase of brush thickness, being just slightly less significant than that for PSBVB-S.

Solvation of zwitterionic brushes and the effect of zwitterionic groups on water hydrogen bonding network have been the subject of discussion in several recent publications.^[@ref20],[@ref22]−[@ref24],[@ref59],[@ref60]^ Aiming at understanding the origin of the different swelling ratios observed on our two polymer brush systems and gathering further experimental results on their solvation mechanism, brush swelling measurements were conducted in water and deuterium oxide solutions. We suspected that replacing water with heavy water might affect brush hydration based on different hydrogen bonding formation between water and deuterium oxide molecules as the deuterium bond is about 5% stronger than the hydrogen bond.^[@ref61]^ For this study, only PSBMAm-S and PSBVB-S were considered for the sake of simplicity. Comparison of swollen thicknesses of PSBVB and PSBMAm brushes in DI and deuterated water revealed that styrene-based brushes seemed not to be sensitive to changes of the isotope whether PSBMAm brushes stretch further in deuterated water, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Interestingly, the presence of free counterions did not affect the trend showed by methacrylamide-based brushes. The observed difference in hydration suggests that deuterium oxide is a slightly better solvent for PSBMAm brushes than water. The cloud points of PSBMAm chains in solution have been reported to be higher in D~2~O than in DI water, independent of the molecular weight and polymer concentration.^[@ref62]^ Since zwitterionic groups are considered equivalent in SBMAm and SBVB units, we interpret the observed brush hydration difference to be related to amide group hydrogen bonding formation and its effect on inducing brush swelling by solvation. Indeed, due to the amide group on SBMAm, this unit presents two more hydrogen bond acceptor/donor atoms than the SBVB unit, with only four bond acceptor/donor atoms. In this sense, studies of hydration properties of poly(*N*-isopropylacrylamide) (PNIPAm) in water and deuterium dioxide by different methods have shown an increase of the average size of PNIPAm coils in D~2~O when compared with H~2~O.^[@ref63],[@ref64]^ Kujawa et al. considered that the difference in hydration might be related to higher organization of the D~2~O solution compared to H~2~O.^[@ref63]^ In our system, this hydration effect will increase the volume of water molecules directly interacting with the polymer chain,^[@ref63]^ which might favor PSBMAm brush stretching. In a more recent work, Takahara and coworkers studied the swollen brush height of PSBMA brushes at different NaCl salt concentration in deuterium oxide using neutron reflectivity (NR) and AFM (DI water) measurements.^[@ref22]^ Their data suggests that no significant difference exists in brush height between water and deuterium oxide environments, independent of solution ionic strength, which is the same trend we observed for PSBVB brushes. It is worth noting, that ester groups on SBMA units are also capable of forming hydrogen bonds with water molecules. We note that recent simulation studies on the hydration of PSBMA and PSBMAm oligomers (16 units) in solution have shown only a slight increase in the number of water molecules in the first hydration shell on PSBMAm compared to PSBMA oligomers.^[@ref60]^

![Swollen thickness determined by AFM of PSBMAm-S and PSBVB-S brushes in water and 0.7 M NaCl.](la-2019-009183_0002){#fig5}

Polysulfobetaine brushes have been reported to exhibit upper critical solution temperature (UCST) properties.^[@ref19],[@ref20]^ Huck et al. correlated the wetting transitions of PSBMA brushes observed upon UCST, characterized by an increase in hydrophilicity, with the change from a self-associated to a nonassociated regime of the brush chains.^[@ref19]^ In particular, the formation of a supercollapsed state below the UCST was proposed. This switching is considered to be linked with the disruption of the strong inter- and intrachain associations promoted by the zwitterionic moieties in water.^[@ref19]^ In our work, the effect of temperature on the swelling response of the PSBMAm-S and PSBVB-S short brush systems was systematically evaluated in the range between 30 and 65 °C in 0.7 M NaCl solution and DI water ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). With the exception of slight differences between PSBMAm and PSBVB systems, swollen brush height in salted water does not change significantly with temperature. However, the PSBMAm system showed an increase of swelling between 35 and 45 °C in DI water, without further evolution with temperature increase. This behavior is in agreement with the UCST properties reported for PSBMA brushes occurring at 40--50 °C.^[@ref19]^ Complementary SE measurements were carried out in DI water. However, taking into account the limitation of the experimental setup on variation and control of water temperature, the study was limited to two temperatures, that is, 25 and 50 °C (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00918/suppl_file/la9b00918_si_001.pdf)). The difference between swelling ratios at 50 and 25 °C for PSBMAm-S and PSBVB-S brushes amounted to 0.21 and 0.05, respectively. This result indicates an increase of swelling for PSBMAm-S at 50 °C and almost no change in swollen height of the PSBVB-S brush system. Despite the fact that the values determined by SE are smaller than those obtained by AFM, the difference observed in responsiveness to changes in temperature between brush systems is preserved. We interpret our results as improvement of PSBMAm brush hydration due to the increase of water temperature.^[@ref20]^ Considering dipolar interactions, an increase of temperature might break them and promote brush expansion due to solvation enhancement. In the presence of a high concentration of free counterions, this effect might be concealed by the major swelling promoted by the screening of the zwitterionic groups. Oppositely, PSBVB system results might not indicate the presence of UCST. Hence, once again, the difference in hydration properties of PSBVB and PSBMAm brush systems is indicated. Regarding the wettability of the brush systems, as expected for sulfobetaine-based brushes, all the surfaces were hydrophilic as shown by water contact angles at room temperature, below 45° for styrene brushes and approximately 15° for the methacrylamide systems. The differences between water contact angle values can be reasonably correlated with the higher hydrophobicity of the styrene backbone.

![Swelling response of (a) PSBMAm-S and (b) PSBVB-S brush systems as a function of temperature in DI water and 0.7 M NaCl aqueous solutions determined by AFM.](la-2019-009183_0006){#fig6}

Adhesion of Cyprid Footprint Proteins {#sec3.4}
-------------------------------------

Colloidal AFM-based force spectroscopy was used to measure and compare the adhesion forces between the cyprid temporary adhesive proteins and the polymers, as described earlier in detail.^[@ref48],[@ref49]^ In short, the cyprid footprint proteins secreted by the exploring cyprid was first visualized in filtered seawater conditions using AFM, and the cyprid footprint proteins were subsequently immobilized onto the glutaraldehyde-functionalized colloidal probe. The aldehyde groups at the colloidal probe surface form imine links to primary amine groups of the protein, which ensures a stable covalent attachment and no protein detachment during measurement.^[@ref49],[@ref65],[@ref66]^ The adhesion force between cyprid footprint proteins and surfaces was compared among the surfaces.

Significant differences in adhesion forces were observed among the different surfaces. For the silicon control surface, the significantly higher adhesion force was attributed to the opposite charge of the proteins and surfaces in seawater condition.^[@ref49]^ With a significantly lower adhesion value than the result on control silicon, the footprint proteins show stronger adhesion on the PSBVB-S polymer than on PSBMAm-S. The average adhesive force of footprint proteins with PSBVB is 1.1 ± 0.3 nN, which is 3 times larger than the values obtained from the PSBMAm, with the value of 0.3 ± 0.1 nN ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). Laboratory cyprid settlement tests were previously conducted to evaluate the antifouling performance of similar surfaces.^[@ref11]^ The cyprid preference differs significantly over the control and polymer brush-covered surfaces. More than 50% of the settlement was observed on the control surfaces, while only about 10% of cyprids settled on the PSBVB and PSBMAm surfaces ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Footprint adhesion results, in this case, correlate well with our previous cyprid settlement data, and it is in agreement with other reported data on sulfobetaine polymer brushes.^[@ref7]^ Attachment strength is considered as a key factor in the selection of surfaces by barnacle cyprids during settlement, and one approach toward reducing the fouling impact of barnacles is to develop surfaces to which temporary and/or permanent adhesion by the cyprid is greatly reduced, or even impossible.^[@ref47]^ To achieve efficient fouling prevention, a material needs to prevent the initial cyprid attachment and minimize the adhesion strength when a fouler encounters the surface.^[@ref67]^ Our results suggest that the interaction between the settlement adhesion proteins and the negatively charged silicon surfaces was much stronger than with zwitterionic surfaces due to the high solvation of the polymer brushes. Surface Young's modulus values affect cyprid settlement, and it was reported that surfaces with higher elastic modulus values were found to accumulate more fouling and exhibit poorer fouling release properties.^[@ref68]^ Zwitterionic brushes are known to prevent barnacle settlement due to alteration of surface exploration behavior of barnacle cyprids.^[@ref7]^ It has been reported that cyprids expend more time exploring the surface modified with sulfobetaine brushes than on unmodified bare glass.^[@ref7]^ These results sustain the concept that footprint--surface interaction affects cyprid exploratory behavior and thus settlement. Electrostatic interactions play an important role in adhesion phenomena particularly for biomacromolecules and microorganisms.

![(a) Comparison of adhesion forces on different surfaces in filtered seawater and (b) comparison with the settlement behavior of cyprids on the surfaces.^[@ref11]^ Unmodified silicon surfaces were used as control.](la-2019-009183_0005){#fig7}

Conclusions {#sec4}
===========

The hydration of thin and thick polymer brush systems consisting of different zwitterionic polymers, that is, PSBMAm and PSBVB, differing in the chemical structure of the linking group between the backbone and the dipolar unit, was prepared by SI-ATRP of monomers in full aqueous media. The grafting density and Young's modulus values of the brushes studied were estimated by colloidal AFM-based force spectroscopy. Grafting densities were found to be very similar between systems while the styrene-based brushes were significantly stiffer than the methacrylamide-based brushes. AFM measurements in H~2~O and D~2~O were used to study the swelling responses and link it to the changes in the media. The observed phenomena are a consequence of the increase of solvation of methacrylamide-based brushes promoted by hydrogen bond formation with water molecules. The combination of zwitterionic moieties and amide groups, considered as hydrogen bonding promoters, within the same side group is responsible for thermoresponsive behavior which dominates the brush conformation in aqueous media. This result highlights the need for considering the linkage group between the zwitterion and brush chain in order to understand the solvation of sulfobetaine-based brushes. In high-ionic-strength media such as marine salt water, the stronger hydration of methacrylamide-based brushes is considered to be responsible for the lower adhesion force of cyprid footprint proteins to the surface. We demonstrate the suitability of AFM colloidal probes for the study of hydration and protein antiadhesion properties of antifouling polymer brushes.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.9b00918](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.9b00918).In situ liquid ellipsometry, thermoresponsive behavior and the effect of NaCl concentration on the PSBVB-S and the PSBMAm-S brush layers, comparison between uniform and homogenous Cauchy layer models, and a linear A-graded Cauchy layer model for the analysis of the wet measurements ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00918/suppl_file/la9b00918_si_001.pdf))
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